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Abstract mad Summary 

Spectroscopic and sxcitsd atsts decay kinetics are rsportad tor monomeric and 
polymeric forms of ultraviolat stabilisars in tha 2- ( 2 ' -hydroxyphenyl) -bensotriasole 
and 2-hydroxybensophenone classes. For son* of those molecules in various solvents at 
room temperature* we report the following! (1) ground state absorption spectra, (2) 
Mission spectra, (3) picosecond-time-resolved transient absorption spectra, (4) ground 
state absorption recovery kinetics, (5) emission kinetics, and (6) transient absorption 
kinetics. In the solid state at low temperatures (Tfcl2K) we report Mission spectra 
and their temperature-dependent kinetics up to <t200K as well as, in one case, the 12K 
excitation spectra of the observed dual emission. 

Three publications have originated directly from UCR, based cn this work. In 
addition, two publications originating from JPL have included the results of this 
study and additional papers are in preparation. 

A model which rationalises the experimental findings for the 2- (2 ' -hydroxyphenyl) 
bensotriasole class of photostabilisers ms presented in the recent UCR publications. 

This model includes efficient tau tome ri ration in the excited state to a proton- transferred 
form, rapid internal conversion in room temperature solution before vibrational relaxation, 
and the possibility of measuring the barrier to proton transfer in low temperature 
solids. Internal conversion of the tautomeric form of the molecule is believed to be 
promoted by an internal rotational (or librational) mode of the molecule which includes 
relative rotation of the two ends of the molecule. 

1. Published Reports 

The major findings of this project have recently been reported in two papers > 

(I) A. L. Huston, G. W. Scott, and A. Gupta, "Mechanism and Kinetics of Excited- 
State Relaxation in Internally Hydrogen-Bonded Molecules! 2- ( 2 ' -hydroxy-5 ' -methy lphenyl ) - 
bensotriasole in Solution," J. Chen. Phys . , 76, 4978 (1982). 

(II) A. L. Huston and G. W. Scott, "Picosecond Kinetics of Excited State Decay 
Processes in Internally Hydrogen-Bonded Polymer Photostabilisers," Proc . Soc . Photo -Opt . 
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Oopies of thiM 2 paptri tr« attached to thia report aa appendices (X) and (XX) , re- 
spectively. In addition, an earlier paper contained come of the preliminary results 
of this project! 

(XXI) X. L. Huston, C. D. Merritt, G. M. Scott, and X. Gupta, "Excited State 
absorption Spectra and Decay Mechanisms in Organic Photostabilisers," in Picosecond 
Phenomena II, Springer Series in Chemical Physics, 14, 232 (1980) . 

This paper in included as appendix (III) . 

paper (I) includes and interprets the major findings on the 2- ( 2 • -hydroxy- 5 ' 
methylphenyl) -bensotriasole (Tinuvin P) photostabilizer in room temperature solution. 

It includes the measurements of ground state absorption recovery kinetics, fluorescence 
spectra and kinetics and solvent and deutaration effects in room temperature solution. 

X model involving excited state proton transfer is presented for the decay mechanism, 
rationalizing the known experimental data. 

Paper (II) includes additional room temperature data on Tinuvin P as well as low 
temperature emission spectra and kinetics on this molecule. In addition, room 
temperature kinetics data are also presented for 2- ( 2 1 -hydroxy 3 * , 5 ' -d ltsrt- amylphenyl ) - 
benzo triazole (Tinuvin 328) and the copolymer of 2- ( 2 ' -hydroxy- 5 ’ -vinylphenyl ) benzo- 
triazole with methyl methacrylate. Xgain a mechanistic model is presented which 
rationalizes both the low temperature and room temperature data obtained during this 
project. 

Paper (III) contains the room temperature transient absorption spectra of the 
above-mentioned molecules as well as of 2-hydroxy be nzophenone and a copolymer of this 
molecule. The results presented in that paper were preliminary, as was the model, 
and the results and conclusions in papers (I) and (II) supercede the interpretations 
included in paper (III). 

2. additional Results. 


Some of the data obtained during the course of this project have not yet been 
included in any publications. These results, and tentative interpretations of them, 


s 


are discussed below. 

2.1. Room Temperature Absorption Spsetrs 

A room tsnpsrsturs UV-V1S absorption spectrum between 2S0 and 400 nm of Tinuvin 
» was taksn in trifluorosthanol (ar 3 CH 2 OH) and is shown in Fig. 1. For comparison* a 
spectrum of Tinuvin F in sthanol is shown in tha sans figure. Ths absolute absorbanes 
intsnsitiss art not significant. Mots ths changs in ths rslativs intsnsitiss in ths 
two absorption peaks. Also, thsrs is a blue shift of M.0 nm for ths trifluorosthanol 
solvent as opposed to sthanol. An absorption spectrum for Tinuvin F in methylcyclo- 
hsxans is shown in Fig. 2. A blus shift of M.5 ran is observed for ths trifluorosthanol 
solvent rslativs to nethylcyclohexane . 

Ths extinction coefficient for Tinuvin F in sthanol at 355 na is •'•1x10* indicating 
that absorption is probably due to a w* transition. Ths blus shift in ths more 
strongly hydrogen bonding solvents suggests that ths ground stats of Tinuvin P is 
stabilised through hydrogen bonding with ths solvent. This ground stats stabilisation 
■ay be important in ths kinetics of proton transfer. We report below increased 
excited lifetimes in polar, hydrogen bonding solvents. 

2.2. Low Temperature Absorption Spectra 

Low temperature absorption spectra were obtained for Tinuvin P in two glasses at 
T"10 K. Figure 3 shows the absorption spectrum in methylcyclohexane ; Figure 4 shows 
the spectrum in EPA (diethylether, isopentane and ethyl alcohol, 5s5t2). A number of 
interesting features arise on going to low temperature. First of all, a prominent 
shoulder appears on the red edge of the absorption band at approximately 370 nm. A 
very weak band also appears at *385 nm. The peak centered at 340 nm in ths room 
temperature spectrum is resolved into a doublet at low temperature. In methylcyclo- 
hexane the doublet peaks occur at 350 and 340 ran while in EPA the peaks are at *347 
and 336 nm. The relative intensities of the doublet peaks are different for the 
hydrogen-bonding EPA solvent compared to methylcyclohexane as solvent. This suggests 
that the doublet may be the result of different hydrogen bonded conformations in the 
two glasses. 
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Figure it Room Temperature absorption Spectra 

Tinuvin P / CF3CH2OH 

— — Tinuvin P / CH 3 CH 2 OK 
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The tend centered at approximately 300 am at room tanparatura alto ahowa tha 
appaaranea of structure on going to low tanparatura. The atruetura la nora pronounced 
in Mthylcyclohaxana than In KFA. This bate appaara to te aada up of a trlplat of 
peaks in Mthylcyclohaxana but ia not raaolvad in IPX. In contrast to tha peaks at 
*340-350 ns, tha 300 nn paak doaa not shift significantly with aolvant. 

2.3. low Tanparatura Mission tpaetra 
2.3.1. Intensity Dapandanca in n-oetana Glass 

Low tanparatura Mission spactra of Tinuvin p in n-octana tiara obtainad showing 
rad fluorascanca with X BftX - 625 nn ate fluorascant intansitias which ara strongly 
tMparatura dapandant. Tha fluorascanca spactrum of Tinuvin P at 11 X, corractad for 
tha spactral rasponsa of tha da t actor, is shown in Figure 5. Figure 6 shows tha 
fluorescence intensity dapandanca on tanparatura (not corractad for spactral rasponsa. ) 
Variation of this intensity with temperature presumably is due to tha dacraasa in 
excited-state lifetime as tha tanparatura is increased. This variation la documented 
in Appendix (ll). Tha rad amission observed at 11 X is essentially identical to that 
observed by Warner at 90 X in a hydrocarbon glass. Rad fluorescence could be ssen to 
begin just as tha solvent began to form a rigid glass, tha intensity increasing as 
tha tanparatura decreased. No shift ms observed in tha position of tha fluorescence 
maximum. 

Sample excitation was accomplished using tha 325 nm line of a HeCd laser. 
Fluorescence was collected and analysed with a one meter Hilger Engis scanning mono- 
chroma tor/ spectrograph equipped with an 3-20 photomultiplier tube. Samples were 
cooled in a closed cycle helium refrigerator. Fluorescence intensity measurements 
ware carried out by first cooling the sample to its lowest temperature, 11 X, then 
taking spectra as the temperature was stepped up. This technique was used to avoid 
changes in intensity due to changes in the degree of cracking ia the glass, (n- 
octane forms a vary opaque glass, the physical appearance of the glass ms not observed 
to change over the temperature range studied.) 


u 


ORIGINAL PAGL 13 

r>c QUALITY 



4- foT»u*aui 


Figure 6s Fluorescence of Timnrin P / 
at Different Tenpera tores 
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2.3.2. fluorescence at 4.2 K in Pure Crystal 

Continuously excited omission spoetrs of Tinuvin P crystals at 4.2 K wars obtained. 
Pig. 7 shows tha spectra resulting from 325 nm excitation using a Helium-Cadmium laser. 
Pig. • shows the spectrum obtained exciting with 365 nm line from a high-pressure 
mercury lamp. The two spectra appear identical , suggesting that there is no excitation 
wavelength dependence of the red emission in that region. A small amount of structure 
appears on the blue edge of the emission band. The bands are I n di c a t e d by letters a, 
b and c and have the following spacing*! 

a - b 515.6 t 10.1 cm' 1 

a - c 8?0.2 ± 23.6 cm* 1 

b - c 354.3 ± 18.1 cm' 1 

The a, b and c peaks occur at 543 nm, 558 mb and 570 ns. respectively. 

2.3.3. Low Teaperature Pluorescenco Decay Kinetics 
Temperature-dependent . fluorescence decay kinetics were obtained for Tinuvin P 

in a hydrocarbon glass (n-nonane) and these results are discussed in Appendix II. 

In addition, fluorescene decay kinetics were obtained for Tinuvin p in ethanol at 
12 Kelvin. Immediately after cooling the saaple to 12K. two distinct fluorescence 
maxima were observed in this solvent, one having MOO ns, the other at X Bta< 

MOO ns. These fluorescence decay experiments were performed using a 355 nm, 10 
picosecond pulse from a »d 3+ i glass laser. Zfeission wavelengths were isolated using 
appropriate combinations of color glass filters. A band consisting of wavelengths 
between MOO nm and 480 nm was isolated using a Schott BG3x2 and a GG400x3. Had 
amission (Xfi * 550 nm) was isolated using a OG550x3 filter. The two amissions ex- 
hibited different lifetimes— t 400 Mns, t 4 qo *lns. After the sample had been smin- 
tained at 12K for several hours, the red er'.ssion was no longer detectable. 

The observation of two Mission maxima with different lifetimes indicates the 
existence of two distinct species or forms of Tinuvin P in the ethanol matrix. The 
disappearance of the red component after several hours at 12K suggests that some 
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Ffg. 8. Emission from Tlnuvln P crystal at 4.2 Kelvin using 
365 m excitation. Tics at 530 m, 586 m and 610 m are 
wavelength Markers. Spectrun not corrected for Instrunent 
response. 
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ground state equilibration prooosa la occurring, k reasonable explanation of the 
data la that upon moling, mm of tha Tinuvln P aolaculas ara Initially froaan In a 
conformation which la lntraaolacularly hydrogan bondad ihla conformation could ba 
responsible for highly Stokes-shifted rad emission which arlaaa dua to excited atata 
intramolecular proton tranafar. Tha blua ami a a ion may ba dua to intarmolacularly 
hydrogap bondad aolaculaa. Tha prafaranca for intarmolacularly hydrogan bondad 
molaculaa ia probably dua to a graatar dacraaaa in fraa anargy raaulting from tha 
formation of aa many aa thraa intarmolacular hydrogan bonda with tha aolvant. Tha 
loaa of rad enission ovar a pariod of aavaral hour a at low tamparatura ia dua to aim 
raoriantation and aquilibration of tha Tinuvln P aolaculaa to giva tha anargatically 
favorad intarmolacularly hydrogan bondad apaciaa. 

2.4. Low Tamparatura Fluoraacanca Excitation Spactra 

Tha fluoraacanca excitation apactrum of Tinuvln P in methylcyclohaxana at 12 
Kalvin haa baan obtained in tha wavelength region 370-390 nm. Two excitation apectra 
ware obtained, one monitoring emiaaion at 600 nm, the other monitoring at 420 nm. 

The apectra are ahown in Figure 9. Tha two apectra differ aignificantly in the 
relative intenaity ratioa of 370 nm to 385 nm excited amission. The ratio of the red 
fluorescence intensity excited at 370 nm and 385 nm is approximately 0.8 whereas the 
ratio of the blua intensity excited at the same wavelength is ''>.25. The absorption 
spectrum of Tinuvln P (Figure 3) has a weak band on the red edge which corresponds to 
the peak at 385 nm in the excitation spectrum. Emission from this state is approximately 
one to one blue vs. red emission. Higher energy excitation results in primarily red 
emission. 

The experiments were conducted using a nitrogen laser pumped dye laser operating 
at 10 Hz. Exciton BPBD-365 laser dye was used to cover the wavelength range 365-395 


nm. 
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Figure 9t Fluorescence Excitation 
Spectrum of Tinuvin p / 
Methylcyclohexane . 

(Detection et wavelengths indicated) 
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3. Stannary of Experimental Results t 

Comprehensive summaries of tha experimental raaulta obtained during thia 
atudy ara praaantad in Tablaa I, II and III. Tha agination of exper i m ent a l tach- 
niquaa employed haa anablad ua to propoaa a oonciaa aodal describing tha photophysical 
behavior of orthohydroxyphsnylbansotriazoles following ultraviolat axcitation. Tha 
following section, Maehaniatie Interpre tation , is a compilation of tha diacuaaiona 
praaantad in tha two most recent publications! A. L. Huston, G. If. Scott and 
A. Gupta, J. Cham. Phys. 76 (10), 4978 (1982) and A. L. Huston and G. w. Scott, 

Proc. Soc. Photo-Optic. Instrum. Engin. 322, 215 (1982). 


Table 1. Summary of room temperature excited state kinetics 
of substituted hydroxyphanylbenzotriaaolas. 


Molecule 

Solvent 

Absorption Recovery 
t ( ps) at 355 nm 

Fluorescence 
Decay t (pa) 

2- ( 2 ' -hydroxy- 5 ' -methylphenyl ) 
benzo triazole (Tinuvin P) 



Tinuvin P 

Methylcyclohexane 

3315 

14.413.4 

Tinuvin P-d^ 

Methylcyelohexane 

2215 

— 

Tinuvin P 

Ethanol 

74110 

52.013.8 

Tinuvin P 

Methylene Chloride 

2915 

19.114.8 

Tinuvin P 

Hexadeeane 

3313 

— 

2- ( 2 ' -hydroxy-3 ' ,5' -di- 
ter t-amy lpheny 1 ) 
benzo triazole 

(Tinuvin 328) 

Methylcyclohexane 

40115 


2- ( 2 ' hydroxy-5 * -vinyl- 
phenyl) benzotriazolet 
MMA copolymer 

Methylene Chloride 

2515 

1514 
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Table II. Low Temperature Kinetics of Tinuvin P and 
Tinuvin P-d^ in n-non ana at 12K. 


Molecule 

Fluorescence Decay t (ns) 

Activation Energy (cm”*) 

Tinuvin P 

0.821.07 

282143 

Tinuvin P-d^ 

1.201.10 

193133 

Table III. 

Low Temperature Emission Spectra of Tinuvin P at 11K. 

Solvent 

^max Fluorescence (run) 

l^v Phosphorescence (nm) 

n-octane 

M25 

— 

ethanol 

MOO 

475, 529, 545 


4. Mechanistic Interpretation 

Considering the experimental data presented above, we propose a model for 
excited state deactivation of Tinuvin P which is a slightly modified version of the 
model proposed earlier by Otterstedt and Werner. The overall mechanism that they 
proposed may be written as follows: 


hv 


s 


y s , 

1 transfer s l 


ic 


H 


transfer ^ 4 S 0 


( 1 ) 


The major steps in the mechanism following absorption of the uv light are first of 
all proton transfer to give the zwitterionic form, S^', followed by rapid internal 
conversion to give the proton transferred ground state form s 0 ' which then rapidly 
equilibrates to give the ground state form, S Q . The new kinetic and spectroscopic 
evidence that we presented above allows us to provide a more detailed account of 
the mechanism. The basic processes involved are shown schematically in Figure 10. 
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Figure 10. Potential energy surfaces and details of the absorption and 
excited state deactivation processes Jin Tinuvin P. 

Based on the absorption spectrum of Tinuvin P in aprotic solvents, compared to 
its spectrum in the strongly hydrogen-bond-breaking trifluoroethanol solvent, we 
assert that the absorption band at 350 nm is primarily due to the intramolecularly 
hydrogen-bonded form of Tinuvin P. Absorption at 355 nm produces an excited vibrational 
level in S^. Room temperature fluorescence spectra and kinetics in hydrocarbon solu- 
tion exhibit blue emission (B) , ^ M10 nm, t ^ 14 ps with an estimated quantum 
yield of 2-5xl0 -5 . Ground state recovery kinetics measure the rate of the overall 
process to be ^30 ps in hydrocarbons. We propose that the room temperature emission 
be identified as fluorescence from a vibrationally unrelaxed state (B in Fig. 10) . 
This assignment is not unreasonable since the fluorescent lifetime (14 ps) is within 
the range of excited state vibrational relaxation times reported for other large 
aromatic molecules. Excitation to a vibrationally "hot" level in may lead to 
the establishment of an equilibrium between and the proton transferred form ' 
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prior to vibrational relaxation. The fluorescence decay. time would then be deter- 
mined by the rate of internal conversion# Sq*. If this is the case# the 

mechanism shown above (eqn. (1) ) should be Modified to show an equilibrium between 
and Sj/ and that internal conversion S 0 ' occurs prior to vibrational 

relaxation i 



The observation of longer fluorescence and ground state recovery lifetimes in 
ethanol suggests that interaolecular hydrogen bonds with the solvent may inhibit 
the excited state proton transfer process and/or shift this equilibrium. 

low temperature fluorescence studies in hydrocarbon matrices show an emission 
maximum at ^25 run, and lifetimes of %1 ns at 12K. This emission (R) is assigned 
to the transition S^' > Sq* of the proton transferred species shown in Figure 10. 

The temperature dependence of the fluorescence lifetime is assumed to be wholly due 
to a temperature dependent nonradiative rate. The activation energy for the 
temperature dependent nonradiative decay# ^200 cm* 1 # is of the order of magnitude 
expected for a torsional vibrational mode. This mode would be expected to be an 
important factor in the rapid rate of internal conversion in Tinuvin P. 

In the ethanol glass at 12K no highly Stokes shifted emission was observed. 

The fluorescence maximum occurs at 410 nm, the same region as in the room temperature 
emission, and in addition# green phosphorescence is observed at 12K. It appears 
then that in the low temperature ethanol glass# intramolecular ptoron transfer is 
slowed and/or the equilibrium shifted to the left in Figure 10# and intersystem 
crossing becomes a competing conradiative decay route. 

With reference to Figure 10# then# the predominant decay route in the proposed 
model for relaxation of Tinuvin P involves uv excitation (double upward arrow) into 
an excited vibronic level of the molecule that lies at an energy (for 355 nm 
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data ssts art shown in Figs. 4(B) and 4(C), respec- 
tively. ] Ths lifetime values obtainsd In thsss two fits 
art rsporttd in Table I. The error estimates for these 
values were obtained by assuming the uncertainty in the 
position of f * 0 was ±4 channels (see Sec. I1C) of the 
DMA (~± 2. 5 ps), thereby obtaining the range of life- 
times reflected by the error estimates given in Table I. 
These error estimates were always larger (by -5*) 
than the standard deviation in the lifetime parameter 
obtained in the minimum rms (best) fit. (This same 
procedure was also applied to each singie-laser-shot- 
produced, ethanol solvent data set, and resulted in 
error estimates, which were approximately the same 
as die standard deviation in the average reported in 
Table I. It should be noted that the “best” fits obtained 
for each single-laser-shot data set established the posi- 
tion of f *0 relative to the etalon marker pulse to with- 
in a 2 channels from data set to data set. ) 

In Fig. 4 and for the fluorescent lifetimes given in 
Table I, the only wavelength discrimination of the 
fluorescence was provided by a UV blocking filter 
(Schott, GG 400) to isolate the fluorescence from the 
laser pulse. For (I) in ethanol only, the short-Uved 
emission was strong enough to allow the use of narrower 
bandwidth filters to determine the wavelength range of 
the fluorescence. For example, allowing only emission 
wavelengths in the range 400 nm 5» \ $ 460 nm (Schott 
GG 400x3 mm, Schott BG 14x3 mm, and Ditric 4600 
short-pass cut-off filters), essentially identical' emis- 
sion kinetics were observed for (I) in ethanol as those 
given in Fig. 4 and Table I. (The best-fit lifetimes 
for averaged data from three laser shots was in this 
case 50. 1 ps with an error estimate of ± 7. 8 ps. ) On 
the other hand, for the same sample, blocking all emis- 
sion wavelengths shorter than ~570 nm (Schott OG 
570x3 mm) resulted in a streaked fluorescence signal 
only barely discernible above background; i. e. , less 
than a few percent of the total short-lived detected 
visible fluorescence was in a wavelength region to the 
red of 570 nm. Steady- state emission spectra indicate 
that fluorescence maxima of (I) in all solvents at room 
temperature occurs at S 410 nm. (See below. ) 

The short-lived fluorescence kinetics of (I) in ethanol 
were found to follow an exponential decay, within ex- 
perimental error, as shown In Fig. 5. The short- 
Uved fluorescence kinetics in methyicyclohexane and 
methylene chloride were too weak to allow for exact 
determination of the form of the decay, but were as- 
sumed to also be exponential in the fitting procedure. 

Broad, featureless emission spectra were observed 
for (I) in methylene chloride, ethanol, methyicyclo- 
hexane, and cyclohexane solvents at room tempera- 
ture. Initial experiments with the commercial spec- 
trofluorimeter on (I) In the methylene chloride and 
ethanol solvents indicated very weak emission with 
maxima In the blue and fluorescence quantum yields on 
the order of - 2 x 10**. Subsequently, quantum yield 
estimates were made using the high sensitivity spec- 
tronuorimeter 21 on (I) in cyclohexane. In this case 
the emission maximum was at \* M ~410 nm, and the 
fluorescence quantum yield was estimated to be in the 
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range 2 x 10* 1 to 5 x MF*. Finally, emission spectra of 
(I) were obtained with the laser Raman spectrometer 
(see Sec. IID) in the solvents cyclohexane, methyl- 
cyclohexane and ethanol. In every case, the emission 
maximum occurred in the range A** - 405-410 nm and 
the emission intensities were similar. No emission 
intensity was observed to the red of ~ 500 nm. 

IV. DISCUSSION 
A. Excited-state kinetics 

The kinetics data presented above provide new infor- 
mation concerning the excited- state decay mechanism 
of (I). In the first place, in three solvents, the fluo- 
rescence decay of (I) was found to occur faster than did 
the ground-state absorption recovery of (I) at 355 nm. 
This observation suggests a mechanism involving se- 
quential decay of the fluorescent state through other 
intermediate state(s) and/or tautomeric form(s) before 
ground-state recovery Is complete. This model might 
require that the ground-state recovery be somewhat 
nonexponential but deviations from nonexponential be- 
havior need not be too severe and could easily be masked 
by the signal -to-noise evidenced by the experimental 
data (Figs. 2 and 3). From the present ground-state 
absorption recovery experiments on (I), it is clear that 
no significant quantum yield of long-lived species is ob- 
tained. These results indicate that the major decay 
pathway involves only singlet species of the molecule. 

Another important feature of our results is that both 
the fluorescence decay and the ground- state absorption 
recovery lifetimes of (I) are longer in the intermod- 
ular hydrogen bonding solvent (ethanol) thanin the non- 
hydrogen bonding solvents. This observation suggests 
that the ethanol solvent may competitively form inter - 
molecular hydrogen bonds with (I), disrupting the in- 
tramolecular hydrogen bond and slowing the excited- 
state relaxation process as suggested in Sec. I and in 
Fig. 1. 

To Investigate the possibility that the kinetics of 
radiationless deactivate of (I) is affected by solvent 
viscosity, the ground-state recovery kinetics of (I) was 
investigated in two different hydrocarbon solvents of 
Afferent viscosity at room temperature: methyicyclo- 
hexane (17 * 0. 73 cp) and hexadecane (17 *3. 34 cp). Vis- 
cosity-dependent nonradiative rate constants have been 
determined previously for a number of molecules con- 
taining internally rotating phenyl groups. If free 
rotation about the C-N single bond joining the phenol 
and benzotriazoie parts of (I) modified its radiation- 
less decay rate in the same way 32 then the decay time 
observed in hexadecane would be expected to be * 50% 
longer than in methyicyclohexane. The lack of a vis- 
cosity effect on the nonradiative decay rate in (I) sug- 
gests that rotation about the C-N bond may be hindered, 
most likely due to the intramolecular hydrogen bond. 

In the case of a hindered rotor, it is not clear that the 
macroscopic viscosity of the solvent is the correct pa- 
rameter to use in describing the microenvironment of 
the solute, However, emission studies, discussed be- 
low, indicate that the dihedral angle between the phenol 
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evidence for triplet formation in room temperature solutions of Tinuvin P in 
ethanol suggesting that internal conversion Sq' is very rapid collared 

to the rate of in ter system crossing. 


Appendix (I) 


Mechanism and kinetics of excited-state relaxation in 
internally hydrogen-bonded molecules: 2-(2'-hydroxy-5'- 
methylphenyl)-benzotriazole in solution*’ 


Men L Hutton tnd Gary W. Scott 

Doparimint ofChsmtary* UnbtonUyafCaUfbmH t Umr t H i J Uwn i di, California 92321 
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Amitava Gupta 

Enm fy sad Matirialt Ramrch Section Jit Propulsion Laboratory, California Institute of To ckn obp y, 
Nsodna. California 91103 

{Rmtvtd 9 My 1911; amptod 9 February 1912) 


Wt report the ground state abeorpdoe recovery kinetics (at 353 nm) sad the (luorsosioi spectra and kinetics 
of 2^2*-bydmy-3 , HiMthy^hittyl|-beoaotriaaok (1) following ex c it ation at 353 am in several solvents at room 
temperature. Measured lifetimes range from 14 to 75 pa. Fluoreeceaoe lifetimes are shorter than the 
c o rresp o nding ground stem recove r y times, indicating the intervention of in term e d iate forms during the 
excited state relaxation process. The measured fluorescence quantum yield is lower than one predic te d by the 
usual calculated radiative rate for the near UV, strongly absorbing singlet state of this molecule. Decay rates 
are slower in ethanol than in nonhydrogen hooding solvents indicating that external interference with the 
intramolecular hydrogen bond in (I) slows the relaxation rata. The room temperature decay ratas art not 
strongly affected by the solvent viscosity. Deuteratioo of the mole cu l e produces only e slightly more rapid 
ground state recovery rate then in the protontted species. A model involving excited state proton transfer is 
presented for the decay mechanism, rationalizing the known experimental data. 


I. INTRODUCTION 

Intramolecular hydrogen bonds, present in a number 
of molecules containing phenolic hydroxyl groups and 
slightly basic carbonyl or amino groups, lead to a va- 
riety of interesting and unusual photophysical and photo- 
chemical properties. 1-11 Many of those molecules, such 
as derivatives of 2-hydroxybenzophsnone and 2-(2'- 
hydroxyphenyl)-benzotriazole, art widely used as ultra- 
violet • absorbing polymer photostabilizers. ***** The 
intramolecular hydrogen bond in these mclacules is 
thought to promote rapid, radiationless, excited-state 
decay. Large Stokes shifts observed in the emission 
spectra of many of these molecules suggest that ex- 
cited- state proton transfer plays an Important rols in 
the excited-state relaxation mechanism. The mechanism 
and kinetics of these processec have yet, in many 
cases, to be determined. Related Icinctica studies in- 
clude work on salicylates,’"* salicylanllides, 10 2-(2'-hy- 
dr oxyphenyl - a-triazines,* 2 -hydr oxybenzophenones, u " *• 
and 2-(2'-hydroxyphenyl)-benzotriazoles. ,4,1 ** * *1 * 

In the present paper, we present new kinetic and 
spectroscopic studies of the mechanism of exeitsd- 
state decay for 2-(2'-hydroxy-5'-methylphenyl)-benzo- 
triazole (I) in room temperature solution. The ground- 
state structure of (I) in aprotic solvents and one pos- 
sible tautomeric form (I') resulting from ultraviolet ex- 
citation of (I) are shown in Fig. 1. Also shown in Fig. 

1 is a possible ground state structure (II) for this mole- 
cule in an alcoholic solvent. The intermolecular hy- 
drogen bonds illustrated by structure (IT) could prevent 
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Laboratory, the University of Csllfornls Appropriate Tech- 

nology Program, and the Committee on Research at the Uni- 

versity of California, Riverside. 


or partially Interfere with the formation of the intra- 
molecular hydrogen bond which promotes the process 
(I) —(F). The present investigation explores the mech- 
anism and kinstics of the processes of ultraviolet ex- 
citation and excited state decay (I)** (F) as wall as ths 
Importance of structures like (II) in protic solvents. 
Thess studies include measurements of ground-state 
absorption bleaching and recovery kinetics, as well as 
excited-state fluorescence kinetics of (I) in both protic 
and aprotic solvents at room temperature. Also, de- 
terminations of room temperature fluorescence spectra 
and quantum yields are reported. An analysis of the 
results produced by these techniques gives rates of ex- 



(I) 


FIG. 1. Ground-state (I) tod excited-state (I*) molecular 
atructurea of 2 -( 2 * -hydroxy-5' - methylphenyl) -benzotrlazole Id 
aprotic aolvanta. Also ahown la a poaaiblt atructura (U) in 
alcoholic ao Irani. 
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cited- ttata relaxation proceaeea, aa wall at a mecha- 
olam of the excited- state decay in thla molecule. 

II. EXPERIMENTAL TECHNIQUES 

A. Samples 

Commercially available 2-(2'-hydroxy-5'-methyl- 
phenyl)-benzotriaaole (Tlnuvtn P, Ciba-Getgy) was 
purified by sons refining for 100 2 one paasea. Some 
of the aolrents uaed Ethanol (200 proof, Pharmco), 
Methylene Chloride (SpectrAR, Mallinckrodt), and 
Methylcydohexane (Omni Sole glass distilled, MCB), 
were dried over molecular sieve. In addition, cy- 
clohexane was dried over Lithium Aluminum Hydride 
and distilled under vacuum prior to use. (These pre- 
cautions were taken to assure that trace amounta of 
water would not have an effect on the measured kinetics 
or spectra. ) Solutions were prepared to have a ground- 
state optical density at 3S$ nm of • 1 . 0 in a 1 mm path 
quartz cell for the ground-state absorption bleaching 
experiments and of > 2 in 1 mm for the fluorescence ex- 
periments. [These ground-state optical densities were 
chosen to optimize the stgnal/notse ratio (bleaching ex- 
periment) or to minimize detrimental geometrical ef- 
fects on the time resolution (fluorescence experiments)}. 

The monodeutero- substituted derivative of (I) was 
prepared by shaking a solution of (I) in methylcyclo- 
hexane with D,0. Essentially complete exchange of the 
phenolic hydrogen for deuterium in (I) was confirmed 
by proton NMR, both before and after the kinetics mea- 
surements were made. (This sample was handled in a 
helium-filled glove bag to prevent contamination by 
atmospheric H,0. ) 

B. Ground-state sbsorpdon blenching recovery kinetics 

Absorption recovery kinetics were obtained using a 
single third-harmonic pulse (Af* 10 ps, X >355 nm) 
from a modelocked Nd**: silicate glass laser system. 
Approximately 90% of the focused UV pulse (excitation 
pulse) was used to bleach the ground-state absorption 
of the sample. This pulse, containing *0.3 mJ, was 
focused on an '700 nm diameter aperture at the sam- 
ple. The remainder of the UV putse (probe pulse) fol- 
lowed a variable delay line and was used to monitor 
changes in the sample absorption as a function of time 
following excitation. The angle between the pump and 
probe pulse paths was -6*. The probe pulse absorp- 
tion by the sample was determined by comparing the in- 
tensity of a small portion of the probe pulse, split off 
prior to passing through the sample, with its intensity 
after passing through the sample. Pulses were de- 
tected on a fast bipianar photodiode with a Tektronix 
7904 oscilloscope. Exponential decay curves were fit 
to the experimental data, after convolution with the ex- 
citation and probe pulse widths. 

C. Excited-itste fluorescence kinetics 

The fluorescence kinetics of (I) in several solvents 
were performed using the streak camera facility of the 
Regional Laser Laboratory at the University of Penn- 
sylvania. Front surface excitation of the sample was 
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accomplished with the third harmonic of a TEM* mode- 
locked Nd*‘: silicate glass laser system. Sample 
fluorescence, Isolated with suitable bawfeass niters, 
was imaged on an '600 urn pinhole which was in turn 
Imaged on the photocathode of a GEAR Pico V streak 
camera, used at its maximum at teak speed. The 
streaked fluorescence image was detected and digitised 
with an BIT vldicon of an optical multichannel analyser 
(PARC, OMA 2). Streak speed and Intensity calibration 
were simultaneously accomplished with a suitably at- 
tenuated, second- harmonic putse which passed through 
a fixed- separation e talon (f >6. 23 mm). The second- 
harmonic pulse was diffused and directed to an iden- 
tical pinhole, whose image was streaked at the same 
time as the fluorescent image. Using the apparatus 
in this configuration, an attenuated excitation pulse, 
scattered from a scattering plate at the sample cell 
position, had an apparent width of 15 ps. (The actual 
laser pulse width was -1 ps, but the streak camera 
was not used at its maximum time resolution of 2 ps, 
in order to increase its experimental sensitivity . ) 

For each sample, at least five separate determina- 
tions of fluorescence streaks were obtained. However, 
only those streaks from clean, single excitation pulses 
that were suitably "framed” by the streak were con- 
sidered in the data analysis (l.e., the laser pulse was 
captured by the camera streak after the first quarter 
and before the first half of the streak), fit some of the 
experiments (ethanol solvent) the fluorescence intensi- 
ties were strong enough so that the streaks could be 
analyzed individually . In other experiments, several 
streaks were averaged together before data analysis. 

For each experiment, the data were analysed in the 
following way; (1) The time base calibration was ob- 
tained (for Individual streaks) by using the simulta- 
neously obtained streaks of etalon-generated peaks to 
calibrate the channel number in time using an OMA 
Twilt-in” cubic function fit. Usually five or six eta Ion 
peaks (separated by 41.6 ps) were used in this calibra- 
tion. (2) For the experiments in which the data were 
averaged before analysis (methylene chloride and 
methylcydohexane solvents), the individual fluorescence 
streaks that were to be averaged were shifted (in chan- 
nel number) so that the first e talon peak for each was 
superimposed at the same channel number. They were 
then summed in the OMA and an average time calibra- 
tion determined from the individual etalon tracer ,In 
general, the variation in etalon peak separation from 
peak-to-peak and from shot-to-shot was less than -3%.) 
(3) The intensity vs time data thus obtained were trans- 
ferred in digital form from the OMA 2 console to a 
Hewlett-Packard 65 minicomputer for final data analy- 
sis. Also obtained and transferred in a similar way 
was an experiment of intensity vs time data for a 
typical, scattered 355 nm laser pulse. (4) Using the 
H-P IS computer, experimental fluorescence life- 
times were obtained by deconvolution of the fluores- 
cence kinetics experiments from the detector response 
to the scattered laser pulse experiment with simul- 
taneous least-squares fitting to an (assumed) exponen- 
tial decay. 1 *"*’ The data were therefore, least- 
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FIG. 2. Tranaioat optical daaaity changes (docraasos), dua 
to (I) at 355 am following excitation at th* aama wavelength. 
Th* sample, in a 1 m cell, had an optical density at 355 am 
under low light level conditions of -l. 0. The ♦ are the aver- 
age of the experimental optical density changes. The smooth 
curves are exponential decaying functions, best fit to the data, 
after convolution to account for the finite duration of the laser 
excitation and probe pulses, (a) Methylcyclohexane solvent, 
(b> ethanol solvent. 


squares fit with the following function: 

(i) 

in which 

CU) are the fluorescence intensities as a function of 
time, 

S(t) are the scattered pulse intensities as a function 
of time, 

and A t £ t and r (the lifetime) are adjustable param- 
eters. 

(5) Since there was some uncertainty in the position of 
/• 0 (the time position corresponding to the peak of the 
excitation pulse) in the fluorescence kinetics experi- 
ments, the relative time between the fluorescence 
kinetics experiments and the scattered laser pulse ex- 
periment were varied over a range of - 5 ps during 
the fitting process. The minimum root- mean- square 
(rma) value determined for each experiment in this 
range was taken to be the beet fit to the data, and the 
lifetime (r) determined in this beet fit is reported be- 
low in Sec. in. 


0 . nuomeenoi sp ec tre and dueraim vici^i 

Room temperature omlMioo spectra and quantum 
fluid* of (I) In uthanol, methylene chloride, methyl* 
cyclohexane, and cyclohexane wer* obtained under 
ateady*atate illumination corthtione. Both a Parkin- 
Elmer MPF3A spectrofluorlmeter, fitted with an auto* 
matte spectral correction accessory, and another high 
eeneitivity epectrofluorimeter 1 ' were ueed In the deter* 
mint ti one of fluoreecerce epectra and quantum yield*. 
In addition, die room temperature emission spectra of 
(I) In methylcyclohexane and in ethanol were obtained us- 
ing a conventional laser Raman spectrometer e quip pe d 
with an argon ion laser Raman spectrometer equipped 
363 nm), // 1.0 UV collection optics, a 0.13 m double 
monochromator (Spex 14018), and a cooled photomulti- 
plier (Hamamatsu ROSS) used in the photon counting 
mode. 


III. EXPERIMENTAL RESULTS 

Representative absorption recovery kinetic* data at 
399 nm for (I) In methylcyclohexane and In ethanol are 
shown In Tigs. 2(a) and 2(b), respectively. Absorption 
recovery kinetics of (1)4 in methylcyclohexane are 
shown in Fig. 3. Th* experimental recovery lifetimes, 
determined in the least* squares fit, are given In the 
summary In Table I. In all cases, the absorption 
recovery was complete at the longer delay times in* 
veetlgated with the change In optical density at 389 nm 
returning to xero within experimental error. No evi- 
dence for nonexponential decay behavior was observed 
in these experiments, again within experimental error. 

The fluorescence decay kinetics of (I) In ethanol 
(fluorescence excited by a tingle laser shot), methyl- 
eyclohexane (fluorescence average due to four laser 
shots), and methylene chloride (fluorescence average 
due to three laser shots) are shown In Figs. 4(A), 4(B), 
and 4(C), respectively. In Fig. 9, the fluorescence 
intensity vs time data for (I) In ethanol, averaged for 
five laser shots, are plotted on a semilogarlthmlc 
scale, together with th* best fit In a least* squares 
sense of an exponential decay to this data. (Only fluo- 
rescence Intensity data rtarting * 29 pa after the peak 
of the fluorescence intensity are reproduced In this 
figure.) 

The etreak'camera-detected fluorescence of (I) In 
methylcyclohexane and In methylene chloride solvents 
was somewhat weaker than it waa In ethanol solvent. 


TABLE I. Summary of room tsmporaturs axcUed-atat* 
kinstics in 2-(2'-hydroxy*S'-ma<hylpb*gyl>-b*iizotriasoU. 


Sol WOE 

Absorption rocovory 
t (pe) at 356 n» 

Fluoroactact 
docay t (p«) 

M*thy Icy ciobexane : 

(l) 

33*5 

14.4*3.4 

m-4 

22*6 

• * * 

Ethanol 

74*10 

62.0*3.1 

Methylene chloride 

2t *5 

19.1*4.6 

Hexadecane 

33*3 

• • 9 
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no. I. Transient optical den- 
sity obui|M (dtcrsuM) of 
(I)-4, in methy Icyc iotexane it 
356 nai. Otter conditions wort 
tte iim u those Indie ttod in 
tte caption of Pig. 1. 


TIME (pt) 



0 100 200 


TIME (ps) — 

FIG. 4. Stresk csmsrt record of the fluorssesnes in tensity 
Ui 400 om) «i time of II) after excitation at 355 am* (a) 
ethanol aolvem (single laser shot record), (b) meihylcyclo- 
hexsne solvent {average of four laser shot records), (c) 
methylene chloride solvent (average of three User shot rec- 
ords). 


This is principally a result of the reduced lifetimes 
observed in the former solvents. 

The values of the fluorescence lifetimes and esti- 
mated errors in these lifetimes are fiven in Table I. 
These values wsre obtained as follows: For (I) in 
ethanol, the value of the lifetime was obtained, as de- 
scribed in Sec. DC from a least-squares fit to the in- 
dividual fluorescence decay data for five different User 
shots. [One of these five decay data sets is shown in 
Fig. 4(A). ] These values ranged from 48.7 to 51. 4 ps. 
The average value (52. 0 ps) and ths standard deviation 
in this avsragt (3.4 pc) are the numbers reported in 
Table I. Tor (I) in methylcyclohexane and in methylene 
chloride, only a single set of averaged decay data were 
•objected to the least-squares fitting process. [These 



riG. 5. Semilogs rithmic presemstiou of the fluorescence 
deesy of (1) U ethanol after tversging five User shot records 
of tte type shown in Fig. 4(a). The dotted curve is s least - 
squsres fit expoaentUl deesy ir * 33 ps) to the experimental 
dsu (solid curve). The ordinste scale ranges from 0 to 4. 
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data ««ti art shown in Figs. 4(B) and 4(C), rtspsc- 
tivsly. ] The lifetime values obtained in these two fits 
are reported in Table I. The error estimates for these 
values were obtained by assuming the uncertainty in the 
position of f«0 was ±4 channels (see Sec. I1C) of the 
OMA (~± 2. 5 ps), thereby obtaining the range of life- 
times reflected by the error estimates given in Table I. 
These error estimates were always larger (by -5x) 
than the standard deviation in the lifetime parameter 
obtained in the minimum rms (best) fit. (This same 
procedure was also applied to each slngie-laser-shot- 
produced, ethanol solvent data set, and resulted in 
error estimates, which were approximately the same 
as the standard deviation in the average reported in 
Table I. It should be noted that the “best” fits obtained 
for each single-laser- shot data set established the posi- 
tion of t *0 relative to the etalon marker pulse to with- 
in ± 2 channels from data set to data set. ) 

In Fig. 4 and for the fluorescent lifetimes given in 
Table I, the only wavelength discrimination of the 
fluorescence was provided by a UV blocking filter 
(Schott, GG 400) to isolate the fluorescence from the 
laser pulse. For (I) in ethanol only, the short-lived 
emission was strong enough to allow the use of narrower 
bandwidth filters to determine the wavelength range of 
the fluorescence. For example, allowing only emission 
wavelengths in the range 400 nm S X $ 460 run (Schott 
GG 400 x 3 mm, Schott BG 14 x 3 mm, and Ditric 4600 
short-pass cut-off filters), essentially identical emis- 
sion kinetics were observed for (I) in ethanol as those 
given in Fig. 4 and Table I. (The best-fit lifetimes 
for averaged data from three laser shots was in this 
case 50. 1 ps with an error estimate of ± 7. 8 ps. ) On 
the other hand, for the same sample, blocking all emis- 
sion wavelengths shorter than ~570 nm (Schott OG 
570 x 3 mm) resulted in a streaked fluorescence signal 
only barely discernible above background; i.e., less 
than a few percent of the total short-lived detected 
visible fluorescence was in a wavelength region to the 
red of 570 nm. Steady-state emission spectra indicate 
that fluorescence maxima of (I) in ail solvents at room 
temperature occurs at X aM £ 410 nm. (See below. ) 

The short-lived fluorescence kinetics of (I) in ethanol 
were found to follow an exponential decay, within ex- 
perimental error, as shown in Fig. 5. The short- 
lived fluorescence kinetics in methylcyciohexane and 
methylene chloride were too weak to allow for exact 
determination of the form of the decay, but were as- 
sumed to also be exponential in the fitting procedure. 

Broad, featureless emission spectra were observed 
for (I) in methylene chloride, ethanol, methylcycio- 
hexane, and cyclohexane solvents at room tempera- 
ture. Initial experiments with the commercial spec- 
trofiuori meter on (I) in the methylene chloride and 
ethanol solvents indicated very weak emission with 
maxima in the blue and fluorescence quantum yields on 
the order of -2* 10**. Subsequently, quantum yield 
estimates were made using the high sensitivity spec- 
tronuorimeter 21 on (I) in cyclohexane. In this case 
the emission maximum was at X mM ~410 nm, and the 
fluorescence quantum yield was estimated to be in the 
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range 2 x 10* 1 to 5X10" 1 . Finally, emission spectra of 
(I) were obtained with the User Raman spectrometer 
(see Sec. IID) in the solvents cyclohexane, methyl- 
cyclohexane and ethanol. In every case, the emission 
maximum occurred In the range X** -405-410 nm and 
the emission intensities were simiUr. No emission 
intensity was observed to the red of ~ 500 nm. 

IV. DISCUSSION 
A. Excited-state kinetics 

The kinetics data presented above provide new infor- 
mation concerning the excited- state decay mechanism 
of (I). In the first pUce, in three solvents, the fluo- 
rescence decay of (I) was found to occur faster than did 
the ground-state absorption recovery of (I) at 355 nm. 
This observation suggests a mechanism involving se- 
quential decay of the fluorescent state through other 
intermediate state(s) and/or tautomeric form(s) before 
ground-state recovery is complete. This model might 
require that the ground- state recovery be somewhat 
nonexponential but deviations from nonexponential be- 
havior need not be too severe and could easily be masked 
by the signal -to-noise evidenced by the experimental 
data (Figs. 2 and 3). From the present ground-state 
absorption recovery experiments on (I), it is clear that 
no significant quantum yield of long-lived species is ob- 
tained. These results indicate that the major decay 
pathway involves only singlet species of the molecule. 

Another important feature of our results is that both 
the fluorescence decay and the ground- state absorption 
recovery lifetimes of (I) are longer in the intermolec- 
ular hydrogen bonding solvent (ethanol) than in the non- 
hydrogen bonding solvents. This observation suggests 
that the ethanol solvent may competitively form in/er- 
molecular hydrogen bonds with (I), disrupting the in- 
tramolecular hydrogen bond and slowing the excited- 
state relaxation process as suggested in Sec. I and in 
Fig. 1. 

To investigate the possibility that the kinetics of 
radiationless deactivate of (I) is affected by solvent 
viscosity, the ground-state recovery kinetics of (I) was 
investigated in two different hydrocarbon solvents of 
Afferent viscosity at room temperature: methylcycio- 
hexane (n* 0.73 cp) and hexadecane (n * 3. 34 cp). Vis- 
cosity-dependent nonradiative rate constants have been 
determined previously for a number of molecules con- 
taining internally rotating phenyl groups. If free 
rotation about the C-N single bond joining the phenol 
and benzotriazole parts of (I) modified its radiation- 
less decay rate in the same way 33 then the decay time 
observed in hexadecane would be expected to be ~50% 
longer than in methylcyciohexane. The lack of a vis- 
cosity effect on the nonradiative decay rate in (I) sug- 
gests that rotation about the C-N bond may be hindered, 
most likely due to the intramolecular hydrogen bond. 

In the case of a hindered rotor, it is not clear that the 
macroscopic viscosity of the solvent is the correct pa- 
rameter to use in describing the microenvironment of 
the solute. However, emission studies, discussed be- 
low, indicate that the dihedral angle between the phenol 
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and bensotriaaole plants plays a significant role in the 
decay mechanism. 

The effect of deuteratlon of the hydroxyl group on the 
rate of relaxation of (I) was investigated using the ground 
state recovery technique. The measured rate in the 
deuterated form of (!) was somewhat faster than for the 
protonated form, although the rates are nearly within 
experimental error of each other. The fact that a nor- 
mal deuterium isotope effect was not observed Indicates 
that the decay mechanism is not controlled by activated 
proton transfer or proton tunneling. 

B, Emission spectra and quantum yields 

A small Stokes shift was obtained for room tempera* 
hire emission spectra of (I) with ^ -410 nm in all 
solvents. The state or species r esponsible for this 
emission is not the same one that is responsible for the 
low temperature, solid phase emission of (I) previously 
reported in an aprotic matrix 17 *? 1 and confirmed by us 
nm). 14 Whereas, this red emission of (I) in 
the solid phase is presumably due to a proton-trans- 
ferred tautomeric form of the molecule, the 410 nm 
emission in room temperature liquids Is probably due 
to a nonproton- transferred form of the molecule. 

The low emission quantum yields observed for (!) in 
room temperature liquids, however, are not consistent 
with a purely vertical excited state, one in which the 
molecular conformation is the same as the ground 
state's. For example, the radiative lifetime of the 
vertically excited state of (I) can be obtained, in the 
conventional picture , n by integrating the low energy 
band(8) of the absorption spectrum. The radiative 
lifetime, thus determined, turns out to be -10 or -4 
ns, depending upon whether only the lowest or the two 
lowest energy bands are included in the integration. 

This then predicts, for fluorescent lifetimes in the 
range 14 to 52 ps, that the fluorescence quantum yields 
should be in the range 10’* to 10**, or 20 to 500 times 
larger than actual measured fluorescence quantum 
yields. Therefore, nonvertical forms of the molecule 
must be rapidly available from the initially excited 
form. These forms most Ukely involve either non* 
planar conformations of the molecule or highly excited 
O-H stretch vibrational states of the molecule as dis- 
cussed in Sec. IVC below. These forms are probably 
responsible for the observed room temperature fluo- 
rescence of this molecule in liquids. 

C. A consistent mods! for sxcited-stats relaxation 

Sevtral groups 4,17 " 14 have presented a mechanistic 
model for the singlet decay of (I) which, with slight 
modification of details, can be shown to be consistent 
with the known experimental results. The steps in this 
model are as follows: 

(s) UV Excitation: 

(b) Proton transfer tautomeriaation: Sj-SJ, ^ 

(c) Internal conversion: S{ - SJ , 

(d) Proton back transfer S£- Sq. 
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In this model, So is the ground state of (I); S x the ini- 
tially excited singlet state of (I); S{ an excited singlet 
state of a proton-transferred tautomer [e.g , , (I # ) of 
Fig. 1}; and SJ the corresponding ground state of (F). 

Assuming this mechanism is correct, then the room 
temperature blue fluorescence wt report above would 
be assigned to S t -So emission, it being only moderately 
Stokes shifted from the absorption. In fluid solution 
only this blue fluorescence of (I) is observed. How- 
ever, when (!) in cyclohexane or methylcyclohexane is 
cooled somewhat below the melting point of these sol- 
vent? (-260 and -200 K, respectively), red emission 
from (I) has been observed* 4 as mentioned in Sec. IV B. 
This emission, previously observed at 90 K and as- 
signed to S; - , 17,11 is not observed in fluid solution. 

The discrepancy between the measured and calculated 
fluorescence quantum yields of the blue fluorescence 
may seem inconsistent with these assignments, how- 
ever, the model will accommodate these experimental 
facts as shown below. 

While the above data may seem inconsistent, there 
is in fact a consistent model which neatly rationalises 
the experimental observations. The key feature of this 
model is that the initially excited state of the molecule 
(S x ) may be in equilibrium with the proton f ransferred 
form (S[) on the picosecond time scale, perhaps by 
virtue of slow vibrational relaxation in comparison with 
rapid proton transfer. Therefore, the observed emis- 
sion is from vtbrationaliy hot molecules of (I) with 
actual fluorescence quantum yields significantly dimin- 
ished by dilution with "hot" molecules of the form (F). 
(See Fig. 1.) The fluorescence decay time then reflects 
internal conversion of this (F) form, which is in equi- 
librium with the (I) form. Hence, step (2b) above 
should be written as an equilibrium and step (2c) oc- 
curs before vibrational relaxation. The lack of any 
observable red emission in room temperature fluid 
solution probably reflects the decreased quantum yield 
for this process, due to more rapid Internal conver- 
sion prior to vibrational relaxation. Further, emission 
of the form ( S[ )*-(S5)* might in this model be red- 
shifted from - Sq emission, but it has not yet been 
observed. 

It should be noted that there is evidence in the litera- 
ture that vibrational relaxation times of large mole- 
cules in room temperature solution can be as long as 
10-20 ps or so. For example, stilbene in room tem- 
perature solution exhibits an excited- state vibrational 
relaxation time of -25 ps* 4 while in dibenzpyrene, this 
time has been estimated as -15 p*.* 7 Whether excited- 
state vibrational relaxation times of (!) in room tem- 
perature solution can be slower than - 15 ps is still an 
open question, but the spectroscopic evidence cited 
above tends to confirm that they can be. (In ethanol, 
slowing of the equilibration process by competing in- 
termolecular hydrogen bonding extends the fluores- 
cence decay and the model does not really require that 
vibrational relaxation in ethanol be as slow as 50 ps, 
only that the equilibrium process be rate determining.) 

Other experimental results are readily accommodated 
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by this model. The fluorescence decay times are 
shorter than the ground-state recovery times because 
most molecules evolve into proton-transferred ground- 
state forms of (I'), i.e., SJ. Ground-state recovery 
times then Include the additional time for step (2d) of 
back proton transfer so that both internal conversion 
and back transfer contribute to the observed rate. The 
observation that fluorescence decay times are slowed 
in ethanol probably reflects the slowing of establish- 
ment of equilibrium in step (2b), due to the interferrlng 
nature of the intermolecular hydrogen bonds formed by 
the solvent with (I). Internal conversion rates would 
also be expected to change, since the solvent modifies 
the excited- state potential surface. 

The viscosity effect is not quite so clear cut. Inter- 
nal phenol rotation in this molecule is, at best, hindered 
and the microscopic viscosity dependence of this motion 
may be weaker than in molecules which undergo free 
internal rotation. Thus, it might be argued that step 
(2c) is promoted by relative librational motion of the 
phenol and benzotriazole portions of the molecule. Evi- 
dence concerning the importance of this librational mo- 
tion on the rate of internal conversion manifests itseif 
in the observation of relaxed red fluorescence in apro- 
tic rigid matrices in which the amplitude of the relative 
motion would be Less than in fluid solution. In any case, 
the ground-state recovery times measured in hexade- 
cane and methylcyclohexane give the rates of composite 
processes, and hence may not be very sensitive to the 
modest viscosity difference in these two solvents. 

The deuteration effect on ground- state recovery 
times eliminates rate-determining proton tunneling or 
activated proton transfer from the excited- state re- 
laxation model. In the proposed model, it is not clear 
what the effect of deuteration of the molecule should 
have on the rate of the overall process of internal con- 
version and back proton transfer [steps (2c) and (2d)]. 
For example, the rates of internal conversion process- 
es depend on the density of vibronic states and Franck- 
Ccndon factors of the lower energy state to which decay 
occurs. These factors could conceivably be affected 
by deuteration in such a way that the radiationless pro- 
cess would be more rapid in the deutero derivative than 
in the proto, so the model is consistent with the ex- 
perimental observations. 

Other workers have reported kinetic solvent effects 
on the relaxation pf similar molecules. For example, 
a similar solvent effect was observed on ground state 
recovery kinetics reported for 2-hydroxybenzophenone. 11 
In that molecule, complete ground-state recovery was 
determined to occur exponentially with a lifetime of 
35 ±5 ps in hexane solvent. In ethanol, however, the 
ground-state absorption recovery proceeded in a non- 
exponential fashion: a fast component of *30 ps and a 
slow component of 1.5 ns. n For that molecule, the 
authors ; oposed the presence of two different ground- 
state species in ethanol (e.g., an intramolecular hy- 
drogen-bonded molecule and a molecule intermolec- 
ularly hydrogen-bonded to the solvent) as a possible 
explanation of the results. The long time component 
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of the ground-state recovery was assigned to a triplet 
decay route, tentatively attributed to those molecules 
hydrogenbonded to the solvent. In the present ground- 
state absorption recovery experiments on (I), however, 
no long-lived species were observed, either in ethanol 
or the other solvents. Furthermore, although the pos- 
sibility of more than one ground-state species cannot 
be ruled out for (I) in ethanol, there is no evidence in 
either the fluorescence or the ground-state recovery 
kinetics for nonexponential decay. Therefore, there 
is no reason to invoke more than one ground- state form 
of (I) in ethanol. 

Recently, Smith and Kaufmann* presented a model 
which considers the effect of the dielectric strengths 
of the solvent on the nonradiative decay rate of the re- 
lated molecule methyl salicylate. In contrast to the 
present results, they observe shorter fluorescence 
lifetimes in hydrogen -bonding solvents than in hydro- 
carbons. They attribute this to an increased intersys- 
tem crossing rate in these solvents caused by a de- 
creased singlet-triplet energy gap in the zwitterionic 
form of the molecule. In the case of (I), there is no 
experimental evidence that intersystem crossing is a 
significant radiationless decay route in room tempera- 
ture fluid solution, nor is any highly Stokes shifted 
(zwitterionic) emission of (I) observed under these con- 
ditions. 

In conclusion, the kinetic and spectroscopic data 
presented above provide new information concerning 
the excited-state decay mechanism of (I). The model 
of this decay mechanism Is as follows: 

(a) UV excitation: S 0 -SJ, 

(b) Proton transfer tautomerization: Sf**(S{)*, * 

(3) 

(c) Internal conversion: (S' t )*- (SJ)*, and 

(d) Vibrational relaxation and proton back 
transfer: (sy*-S 0 , 

in which indicates a proton-transferred form and 
"•"a vibrationally unrelaxed state. Fluorescence of 
(I), observed in room temperature fluid solution with 
a normal Stokes shift, is attributed to a vibrationally 
unrelaxed excited state 5", which s in equilibrium with 
th* proton-transferred excited state SJ)* of the mole- 
cule. Internal conversion (SJ)*-(Sq)* controls the life- 
time of this fluorescence, while ground-state recovery 
rates include additional contributions from vibrational 
relaxation and proton back transfer intheground state. 
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Picosecond kinetics of excited state decay processes in internally 
hydrogen-bonded polymer photostabilizers 

Alan L. Huston. Gsry W. Scott 

Dspartmsnt of Chemistry. University of California/ Riverside, Riverside. California 92521 


Abstract 

We report results of recent measurements of excited state decay kinetics in molecules 
which are commonly used as commercial polymer photostabilizers. Discussion centers on 
molecules in the 2- ( 2 1 -hydroxypheny 1 ) -benzotr iazole and 2-hydroxybenzophcnone classes. 
Determination of room temperature fluorescence decay, transient absorption and ground state 
absorption recovery kinetics are presented. In addition, low temperature spectra and vari- 
able temperature fluorescence decay kinetics are also presented. Solvent effects on the 
spectra and kinetics give considerable insight into the radiationless processes that occur 
in these systems. 


Introduction 


Most polymers are photochemically affected by solar ultraviolet radiation, especially 
after long term exposure. Economically practical solar energy conversion devices should 
bo constructed from inexpensive, visible-radiation transparent, durable, light-fast mate- 
rials. nasties that are not particularly susceptible to solar ultraviolet degradation 
(o.g. fluorocarbons, methylsilicones ,' and certain acrylics) are, in general, expensive to 
manufacture and do not possess optimum mechanical and/or optical properties for these ap- 
plications. Less expensive, more durable, and optically transparent plastic films which 
would otherwise be ideal for mechanically protecting, e.g., a photovoltaic array are, in 
general, quite susceptible to photochemical deterioration upon exposure to solar radiation. 
These polymers tend to crack, become cloudy, and turn yellow as photochemical degradation 
occurs, causing a significant decrease in the amount of useful, visible solar radiation 
that can reach tne solar collector for conversion to electrical energy. Thus, the useful 
lifetime of the device is shortened by the plastic coating that protects it. 

Fortunately, there are well-known techniques available for protecting polymers from 
photochemical degradation. 1 '* These techniques involve the modification of the composition 
or structure of polymeric material by incorporation of photostabilizers. Such molecules 
provide photostabil ization by selectively absorbing solar ultraviolet radiation, thus pre- 
venting excitation of the photochemically reactive chronophores of the polymer. In addi- 
tion, pho tostabi 1 lzers are transparent in the visible portion of the solar spectrum, allow- 
ing most of this nonphotochemical ly-damaging radiation to pass through the polymer. Ideal 
photos tabi 1 izors also serve as energy acceptors to quench excited-state polymer chromophores 
before photochemical damage can occur. Furthermore, pho tos tab i 1 i zer excited states, must 
rapidly relax in a manner that converts the excitation energy into a form {in most cases 
heat) that is not chemically damaging to the polymer. Tinaliy, the pho wOstabilizcrs them- 
selves must be nonphotochemically reactive. 

A common method of protecting polymers is to *use a photostabi 1 ized polymeric film as a 
coating on the bulk polymer. For example, transparent acrylic films may be made by in- 
corporating photostabilizcr? into polymethy lme thacry late . "he photostabil izing effective- 
ness of monomeric forms of photostabi 1 l 2ers may be less than expected for two practical 
reasons: (1) The monomeric photos tabi 1 l :ers blended into the polymer nay be lost by evap- 

oration and/or leaching. (2) Aggregation is a common problem when monomers are incorporated 
into polymers, providing nonuniform protection. 

There arc two classes of widely-used, ultraviolet-absorbers that arc used as commercial 
pho tos wabi 1 i zers and which have in common the molecular structural feature of an intra- 
molecular hydrogen bond. These two classes of molecules-- I-hydroxybenzophenone (’IT) and 
2- {2 1 - hydroxy phenyl ) ben zotnazo le U!PB)--are shown m Figure 1. 

The intramolecular hydrogen bond in these photostabi l i z mg molecules is believed to be 
instrumental in the rapid conversion of the absorbed ultraviolet radiation into nonphoto- 
ekenucally damaging heat. The present study is concerned with the kinetics and mechanism 
ot such processes in several o f these molecules whose structures arc given in Tiguro 1. 

Throe monomers (HE- I, KPB-I and HPE-II) were studied. Also, for comparison, we investigated 
two polymeric pho tos tab i 1 i zer s . These wore obtained by co polymerizing an appropriate ally! 
or vinyl derivative of one of the parent compounds, HF,-II* or HPD-IlT", with methyl metha- 
crylate. These copolymers will be referred to below as coHB- 1 1 : >i;tA and coHPB-1 1 1 :MMA, ro- 
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Figure 1. Molecules investigated. 

H3-I. 2-hydro:;ybenzophenone (-R 3 & — R 4 : - H ) 

HB- I I . 2 -hydroxy ,3-allyl,4,4* -dime thoxy ben zophenone (-R 3 : -CH 2 -CII*CIl 2 ; -R 4 : -OCH 3 ) 

HPB-1 . 2- ( 2 ' -hydroxy- 5 ' -methyl phenyl ) -benzotr iazole (-R ' 3 : II; R' 5 : — CH 3 ) 

HPB-II. 2- (2 1 - hydroxy-3 1 , 5 * -d i- ter t -amyl pheny l ) benzotr iazole ( R ' 3 6 R ' 5 : -C (CH 3 ) 2 -CH 2 -CH 3 ) 
HPB-II I . 2- ( 2 • -hydroxy- 5 * -vinyl phenyl ) benzotr iazole (-R 3 * : -H ; -R 5 ' : -CH*CH 2 ) 


Within each class of compounds, the differences in molecular structure should not really 
be important in determining their inherrent photostabilizing effectiveness. However, as 
alluded to above, the molecular structure may affect their solubility, limiting the con- 
centration and uniformity of distribution of these molecules in the polymer, thus limiting 
the real photoscabil 1 zing effectiveness.*'* Che polymeric forms of these photostabilizers — 
coHB-II :MI1A and coHPB-III :MMA — have therefore certain advantages in this raspect over the 
monomeric photostabil i 2 ing molecules . 1 ' 4 ' * 


In the present study we report the results of several types of spectroscopic and kinetics 
measurements which relate directly to the mechanism of excited-state relaxation of polymer 
photostabilizers in the class HB and HPB (See Fig. 1) . Several of these results have been 
previously reported . ? 9 In combination with the new results presented below for the 

first time, a clear mechanistic model for excited state decay of these photostabilizers and 
the kinetics of the processes is obtained. This model involves excited state intramolecular 
proton transfer or tau tomerization, possibly to a zwitterionic form. Results from others 
were also used in the development of this model. 10 " 1 ’ 


Absorption Spectra and Recovery Kinetics 


Ground State Molecules 


Spec tra . For molecules in classes HB and HPB there is a relatively strong uv absorption 
which exhibits maximum extinction coefficients in the range : 5,000 - 20,000 » mol“lcm~l. 
These absorption bands, peaking at wavelengths of ^340—353 nm , occur in molecules m the HB 
and HPB classes, but not in related molecules which do not have substituents like o-hydrexy- 
phenyl groups available for intramolecular hydrogen bonding. Hence, excitation into these 
absorption bands occurs, predominantly, for molecules which may be in ground state intra- 
molecularly hydrogen-bonded conformations. These conclusions are supported by our observa- 
tions on molecule KPB-I which indicate that the extinction coefficient decreases by 30-40t 
upon going from rnethy Icvclohexane solvent to the strong intermclecul ar hydrogen bonding 
solvent, trif luoroethanol . The reduction in extinction coefficient is considerably less in 
echanol, but the wavelength at the peak is blue-shifted by 10 nm (ethanol) and 15 nm itri- 
f luoroe thanoi ) relative to rnethy lcyclohexane solvent. 

K inetics . Ground state absorption recovery kinetics were investigated for class HPB 
type molecules using a single third harmonic pulse ( v 10 ps) from a modelocked, Kd + 3:cilass 
laser system to both excite and probe the absorption recovery at 355 nm. Similar measure- 
ments have been reported on HC-I by another group. : r The results of our measurements on 
the HPB class molecules are reported in Tabic 1 below. 

For all of the ground state absorption recovery kinetics determined on room temperature 
solutions of HPB type molecules (Table 1), the recovery kinetics were always essentially 
exponential in form and complete at the longest delay tines investigated m all solvents. 

An example of this behavior is shown in Figure 2 for HPC-I in methylene chloride. 


216 / SP1£ VoJ 322 Picosecond itstrs end Apphcsoons (1962) 


or: : 



Figure 2. Ground state absorption recovery 
kinetics of HPD-1 at 355 nm in methylene 
chloride solution. 


For type HB photostabilizers, Fisenthal and his group 1 ' have investigated the ground 
state absorption recovery kinetics of KB-I in protic and aprotic solvents (ethanol and 
hexane, respectively) . In that molecule, complete ground state recovery was observed in 
hexane solvent with single exponential kinetics (r«35‘5 ps) , whereas in ethanol, ground 
state recovery kinetics of HB-I occurred in two steps: a fast component of *30 ps and a 
slower, 1.5 ns recovery step. In the ethanol solvent the authors proposed that HB-I 
molecules could have two ground state conf ormat ions : int ramolecu lar ly hydrogen-bonded and 

mternolecular ly hydrogen- bonded , the formei conformation giving rapid ground state re- 
covery and the latter yielding slower recovery through, e.g., a triolet decay route, "his 
t picture has been disputed recently, however, by ^opp and his group** whc contend that only 
one type of HE-I ( in termo lecu 1 ar ly hydrogen-bonded) exists in ethanol. (See next section.) 

Transient Species 

We have previously reported transient absorption spectra of both the HB 1 and HPB c,i 
classes of photostabi 1 i zers in room temperature solution. These spectra are quite diffi- 
cult to obtain with high signal - to-no i se ratios due to the low aosorbances obtained in the 
visible legion of the spectrum. These spectra have been obtained by excitation with a 
single t h i rd-harmon ic pulse from a modelocked, Nd + ^:glass laser system. Time-delayed con- 
tinuum probe pulses were generated by focussing the fundamental pulse into a suitable liq- 
uid. Single-shot transient spectra were obtained, double-bearn-cor rec ted , with a polychro- 
tutor optical multichannel analyzer (DMA 2, CG6G PARC) combination. 

A summary of these results is as follows: For UB type molecules in essentially aprotic 

solvents -methylene chloride and isooctane) weak transient absorption m the 400-700 nm 
range were observed at short delay times (t % 50 ps) following excitation with absorption 
maxima in the blue region of the spectrum ( hiax 1*4 20-4 53 nm) . These observations obtained 
tor solutions of both liB-I and coHB- 1 1 : .'LMA . For 1 1 B class molecules in a protic solvent 
(ethanol), a longer-lived transient absorption in the same wavelength region was observed 
for delay times in excess of 4C0 ps . delated kinetics studies by "opp 1 s group 1 " indicate 
that there are distinct differences in the decay of the initially excited singlet state of 
HB-I in different solvents. For HB-I in hexane they report : 6 ps whereas m ethanol they 
report ;-30 ps, based on transient absorption detected with their upper -state fluorescence 
technique . 

For HPB type pho tos tab l 1 l zers , broad weak transient visible absorption was observed at 
short delays (t • 20 ps; \ i(iax -4 40 nm) in both methylene chloride and ethanol . Longer- 

li\ -d transient absorption, which we previously reported, * has not been confirmed by subse- 
quent experiments. Those measurements have, at present, only been made on t he monomeric 
pho tos tab i 1 i zer s in this class UIPB-I and HPB-II). However, additional measurements of this 
type made on 2- ( 2 ’ -acc toy y- 5 ’ -net hy 1 pnenyl ) benzotr lazo 1 e * confirm that the short time tran- 
sient absorption observed m LTD- I is probably due to a conformation of the molecule m 
w’Mch proton transfer is no c yet couple to. 

Emi s sion _S p ectr a a nd^ _K i n eM cs 


t . ssien Spectra 


■»e have obtained emission spectra of HPB type phot o stab i 1 i zer s both m room temperature 
tl.ud solution and a 1 so in low temperature matrices. Low temperature emission spectra m 
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these molecules have also been previously reported by Otterstedt 1 ’ and by Werner. Very 
little is known about ttye apparently quite low quantum yield fluorescence of HE cUss mole- 
cules, although some highly Stokes-shifted low temperature emission of derivatives of HR 
nave Deen reported. Low temperature phosphorescence of HB-I was reported a number of years 
ago by Lamola and Sharp . 10 

Room Temperature Fluorescence . Room temperature spectra of HPC-I in fluid solution have 
been obtained in both protic (ethanol) and aprotic (methylene chloride, methylcyclohexane 
and cyclohexane) solvents. Typically, excitation was accomplished with uv lines from an 
argon ion laser with a high sensitivity spectrof luor imeter used to obtain the emission 
spectra. Broad, featureless emission spectra were observed for HTB-I in the blue region 
of the visible. Typically, the emission peak occurred at X max ^4 15-410 nm in both protic 
(ethanol) and aprotic (methylcyclohexane ) solvents. The emission intensity tailed off to 
the red with little or no emission observed beyond ^500 pm. Quantum yields of emission 
were estimated to be in the range 2-5xl0~5 t 

Low temperature Emission . At low temperatures, emission spectra of both I1B 10 ' ;1 and 
11PB rT r r * type photostabilizers are qualitatively similar. In protic (alcoholic) glasses, 
"blue" fluorescence with only a moderate Stokes shift and long-lived "blue/green" phos- 
phorescence have been observed. On the other hand, in aprotic (hydrocarbon) solvents, only 
highly Stokes-shifted, "red" fluorescence and no phosphorescence has been observed. (In 
some cases, e.g., HB-I, no fluorescence is observed at all in low temperature hydrocarbon 
matrices, and only phosphorescence and no fluorescence is observed for the 110 class mole- 
cules in alcoholic glasses.) 

We have investigated, primarily, the emission spectra of 2- ( 2 1 -hydro::y-5 ' -methy Iphenyl ) - 
benzotriazole in low temperature solid matrices. In this case, the observed emission was 
much stronger than in fluid solutions at room temperature. These measurements were ob- 
tained by cooling the sample solution down in a round quartz cell which was in good thermal 

contact via a coaxial brass rod with the cold stage of a variable temperature, closed cycle 

helium refrigerator (Air Products, Displex 202E) . Sample excitation was accomplished with 
the 325 nm line of a HeCd laser (Liconix 4050/4055) with emission spectra obtained with a 
scanning 1 m monochromator (Hilger-Engis 1000) and a red-sensitive photomultiplier used in 
the current detection mode. Typical spectra obtained for HPB-I are shown in Figure 3. In 
the highly cracked, ethanol glass, the portions of the spectrum marked F and P correspond 
to the fluorescence and phosphorescence of HTB-I, respectively. 



Figure 3. Emission spectra of 2- ( 2 ' -hydroxy-5 ' -methy Iphenyl ) -benzotr lazole (lire- I > in (a) 
ethanol and (b) me thy Lcyc lohexane , both at 12K. In (a), the P (phosphorescence) portion 
of the spectrum exh bits an ^0.5 3ec lifetime while the F ( f luorescence } portion decays on 
the nsec time scale. These spectra are not corrected for instrument response. 
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These spectra are similar to those previously reported by Werner 14 ' 17 for HPB-I in pro- 
tic and aprotic glasses at $0K. We have, however, also investigated the temperature depen- 
dence of the "red * emission of IIPB-I in a cracked, n-octane glass over the temperature 
range 11-169K. The fluorescence maximum occurred at ^625 nm, and did not shift with tem- 
perature. However, the fluorescence intensity was strongest at the lov/est temperature and 
decreased significantly upon warming, being only observable btlow the temperature of rigid 
glass formation. 

Fluorescence Kinetics 

Room Temperature Solutions . The kinetics of the room temperature fluorescence of 1IPE-I 
and collPB-I II :MMA in solution were measured, following excitation by a third harmonic 
pulse from a modelocked tld+ 3 :glass laser system, with a streak camera. The details of^ 
these measurements, data analysis and results for HPB-I are being presented elsewhere. 
Briefly, the streak camera was operated with a time resolution of vl5 ps ; however, by de- 
convolution techniques lifetimes down to this time range could be determined. 

For the copolymer of the HPB class molecules (coHPB-III :MMA) , fluorescence decay measure- 
ments were obtained in room temperature nethylene chloride solution. Although the decay 
was too rapid to obtain its exact form, deconvolution from the excitation pulse profile as 
observed by the detection system, gives a reasonably accurate estimate of the fluorescence 
lifetime, assuming single exponential decay. The fluorescence decay data obtained (dots) 
together with a convoluted, least-squares best fit to this data (solid line) are shown in 
Figure 4 for colIPB- III: MflA in methylene chloride. Fluorescence lifetimes obtained from 
this fit and analogously for HPB-I in several solvents are given in Table 2. 


Table 2. Fluorescence Lifetimes of HPD 
Class Molecules in Room Temperature Soiu- 

tion 

MoTecule Solvent Fluorescence 

(See Fig. 1) Lifetime(ps) 

HPB-I * Me tftylcyclohexane lT 7 ! 

Fthanol 52t4 

Methylene Chloride 19 ‘5 
coHPB- 1 1 1 :MMA lie thvl ene ChTor ic5e” 1 5 T 4 


room temperature. 

It s.tould be noted that in every case investigated, the fluorescence lifetimes are 
snorter than the ground state recovery times for the same molecule in room temperature so- 
lution. (Compare Tables i and 2.' Also, the polymeric form of the !!PB class has a similar 
lifetime as the monomeric forms m aprotic solvents. However, the fluorescence and ground 
state recovery times are significantly longer in ethanol than in the aprotic solvents. 
Fluorescence decay kinetics in HB class pho tos tabi 1 i : ers have not been investigated. 

Temperature D epend ence of the Red Emission . The kinetics of the fluorescence decay of 
the " "red " Fluorescence of "UPC- 1 in low temperature hydrocarbon matrix in-nonane) are re- 
ported here lor the first time. These kinetics were measured after excitation, again with 
a 355-nm, U-ps laser pulse, by observation of the red fluorescence through suitable filters 
with a fast, biplanar photodiode while pho tograph ical iy recording the diode output from a 
Tektronix 7 93 4 oscilloscope. Temperature variation of the sample was accomplished with the 
closed cycle refrigerator described above. Lifetimes wore obtained, after digitization of 
the photographic decay data, with L.S.F. Jeeonvo 1 ut ion by computer in much the same manner 
as was the streak camera data as described above and m our recent work . * Lifetimes were 
obtained tor both, the molecule HPB-I and its mo node u tera ted analog iilPD-I-dj), obtained by 
shaking a solution of HPB-I in n- nonane with excess This tirc-I-d^ molecule has a 

deuterium replacing the hydrogen in the hydroxy group of the phenolic ring of UPE-i (See 
F i g . 1 ) . 

A typical set of "red" fluorescence decay data (dots) for HPB-I in n- nonane, obtained at 
. 0 0 K , is sh-.jwn in Figure S below. Toe L.S.F. convolution ( s o 1 1 <*. line) yields an (assumed) 
exponential decay lifetime of b30 * oO ps. 



Figure \. Fluorescence decay kinetics of 
coHPC-1 1 1 : MMA in methylene chloride at 
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Below approximately 30K, the fluorescence lifetimes determined wore temperature inde- 
pendent. Above thia temperature, the lifetimes decreased with increasing temperatuio. 
Further, at all temperatures for which the lifetime could be reliably determined, the life- 
time of HPD-1 was always less than or equal to the lifetime of HPB-I-di. These results 
suggest that the following model of excited state decay should be applicable in this 
system: 


k tot “ k r * *nr' (1) 

in which k tc t i* the rate constant governing decay of the red-emitting state, k r is the 
radiative decay rate constant and k nr is the nonradiative decay rate constant. The non- 
radiative decay rate should have both a temperature-dependent and temperature-independent 
part since the radiative rate is not expected to depend on deuteration. Therefore, the 
nonradiative rate constant ia given by the following: 

,c nr * *nr* + k nr* ' < 2 > 

in which the second term on the right-hand-side includes all of the temperature dependence 
of the nonradiative relaxation processes. Assuming all of the nonradiative relaxation 
temperature dependence is associated with a single activation energy, then k nr *(T) can be 
written as 


k nr *(T) - A nr e -AE nr/ kT , (3) 

in which AC nr is the activation energy required for this process. 

The temperature independent contributions tc k tot for both HPB-I and HPB-I-di were ob- 
tained by subtracting the measured k^ot At 12K from the measured k to t at all other tempera- 
tures. The values of the measured lifetimes obtained and a plot of In k nr '(T) vs 1/T are 
given in Table 3 and Figure 6. 


The fluorescence decay kinetics of HPB-I in the solid matrix are apparently strongly in- 
fluenced by a nonradiative process. It seems quite reasonable to attribute this fluor- 
escence to a tautomeric, proton- transferred form of HPB-I (See below) . Also the nonradia- 
tive decay process which is rate-controlling is likely internal conversion of the excited 



Figure 3. Fluorescence decay kinetics 
of itrD-I in n-nonane at 100K. 


Table 3. Fluorescence Lifetimes of 2-(2’- 
nydro:cy-3 * -methyl pheny 1 } bensotnazolc (HPB-I ) 

in n-non anc as a function of temperature 

T ‘ t of HPB-I “f of iIPC-I-dx 

( K ) (ns) (ns) 

n — 


90 

100 

110 

120 

130 

140 

150 

139 

179 


ver*TS7 


.71!, 
.63i, 
.561 , 
. 59 i , 
. 32 1 
.411 , 


07 

06 

06 

06 

0G 

06 


TTT77T 
.351.1 
.871.08 
.35? .08 
.66? .06 
.61?.06 
.60*. 06 
.64 i 
. 59 i 
. 39i 


.06 

.06 

.06 



220 / S*t€ Voi 322 Ptconcjnd Laaart and Apohcat<on$ ( 19 S 2 ) 


Figure 6. Plot of In k' nr (?) vs. 1/m for (a) 
HPB-I and (b ) HPB-I-di in n-nonane, (See 
text for /otails.) 
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singlet (to ground singlet) of thi* tautomer. Activation energies (equation (3)) obtained 
by linear least squares fit to the data displayed in Fig. 6 are AE nr (HPB-I ) /he • 282*43 
on* 1 and AE nr (IIPO-I-Qi ) /lie - 193*33 cm* 1 . The differences in these activation energies 
suggest involvement of a vibrational normal mode which includes N-H (ti-3) or O-H (O-D) mo- 
tion. However, these differences are only slightly outside of the combined experimental 
errors . 


M echanistic Interpretation 


Considering the experimental data presented above, we propose a model for excited state 
deactivation of HPB-I which is a slightly modified version of the model proposed earlier by 
Otterstedt 13 and Werner. 16 The overall mechanism that they proposed may be written as 
follows : 


so 


hv ^ 


c H c * 

1 transfer - ^ 1 


1C 


S 0 * 


H+ 

transfer 


S 0 * 


(4) 


The major steps in the mechanism following absorption of the uv light are first of all 
proton transfer to give the zwitterionic form, S| ' , followed by rapid internal conversion 
to give the proton transferred ground state form Sq' which then rapidly equilibrates to 
give the ground state form, Sq* The new kinetic and spectroscopic evidence that we pre- 
sented above allows us to provide a more detailed account of the mechanism. The basic 
processes involved are shown schematically in Figure 7. 



Figure 7. Potential energy surfaces and details of the absorption and excited state de- 
activation processes in HPB-I. 

Based on the absorption spectrum of HPB-I in aprotic solvents, compared to its spectrum 
in the strongly hydrogen-bond-breaking tr i f luoroethano 1 solvent, we assert that the absorp- 
tion band at 350 nm is primarily due to the intramo lecular ly hydrogen-bonded form of HPB-I. 
Absorption at 355 nm produces an excited vibrational level in S; . Room temperature fluor- 
escence spectra and kinetics in hydrocarbon solution exhibit blue emission (B) , * max 410 
nm, - 14 ps with an estimated quantum yield of 2-5x10“^. Ground state recovery kinetics 
measure the rate of the overall process to be -30 ps in hydrocarbons. We propose that the 
room temperature emission be identified as fluorescence from a v ibra t lona 1 ly unrclaxed Si 
state (B in Fig. 7). This assignment is not unreasonable since the fluorescent lifetime* 
(14 ps) is within the range of excited state vibrational relaxation times reported for 
other large aromatic no 1 ecules . 1 1 * 5 * Excitation to a vibra t lona 1 ly "hot*' level in Si may 

lead to the establishment of an equilibrium between and the proton transferred form S| ' 

prior to vibrational relaxation. The fluorescence decay time would then be determined by 
the rate of internal conversion, s i ' * . If this is the caso, the median isn shown 

above l e q n . (4)) should be modified to show an equilibrium between S\ and S^' and tha* in- 

ternal conversion S -^%/***s q ' occurs prior to Vibrational relaxation: 
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The ob»ervation of longer fluorescence and ground state recovery lifetime* In ethanol sug- 
gests that in termolecular hydrogen bonds with the solvent may inhibit the excited state 
proton transfer process and/or shift this equilibrium. 

Low temperature fluorescence studies in hydrocarbon matrices show an emission na:;imun 
at %6 25 nm, and lifetimes of ^1 ns ac 12K. This emission (R) is assigned to the transition 
S|' — ►‘Sq’ of the proton transferred specie* shown in Tigure 7. The temperature depen- 
dence of the fluorescence lifetime is assumed to be wholly due to a temperature dependent 
nonradiative rate. The activation energy for the temperature dependent nonradiative decay, 
%200 cm“l, is of the order of magnitude expected for a torsional vibrational mode. This 
mode would be expected to be an important factor in the rapid rate of internal conversion 
in HPD-I. 

In the ethanol glass at 12K no highly Stokes shifted emission was observed. '“'he fluor- 
escence maximum occurs at 410 nm, the same region as in the room temperature emission, and 
in addition, green phosphorescence is observed at 12”. It appears then that in the low 
temperature ethanol glass, intramolecular proton transfer is slowed and/or the equilibrium 
shifted to the left in Figure 7, and intersystem crossing becomes a competing nonradiative 
decay route. 

with reference to Figure 7, then, the predominant decay route in the proposed model for 
relaxation of UPB-I involves uv excitation (double upward arrow) into an excited vibronic 
level of the molecule that lies at an energy (for 355 nn excitation) above the barrier, if 
any, between the two excited-state conformations of the molecule. Decay of this vibronic 
state, at room temperature , is probably controlled by direct internal conversion to the 
ground state of the tautomeric form of the molecule (Sq 1 ), and not by vibrational relaxa- 
tion. This internal conversion process is promoted by torsional vibrational modes of the 
molecule. The rate of this process determines the lifetime of the blue fluorescence (C) , 
and it is slowed in the ethanol solvent due to changes in the excited-state potential sur- 
faces, particularly on the right hand ( S ^ * ) side of Figure 7. Ground state recovery of the 
Sq state is kinetically controlled in all solvents by both the internal conversion and 
ground state reverse tautomer i zat ion . At low temperatures in solid hydrocarbon matrices 
the internal conversion rate out of the initially populated level is slowed due tc the 
higher rigidity of the solvent and its effect on the torsional motion of HPB-I. Low vi- 
brational relaxation dominates the decay of this vibronic state, and much stronger red 
emission (R) is observed. The lifetime of this emission is still controlled, in part, by 
internal conversion Si , however. In alcoholic matrices at low temperature, planar 
internally hydrogen-bonded conformations of the molecule are precluded by external hydrogen 
bonding, thus preventing proton transfer while simultaneously allowing a competitive inter- 
system crossing radiationless transition out of S^. 

The model presented above differs from the previously proposed model only in that an 
equilibrium between vibra t lonal ly hot Si and Si' is established and that internal conver- 
sion (Si'-^-^Sq') may occur prior to vibrational relaxation. This mechanism may also be 
applicable to the 2- hydroxybenzophenone class of molecules as well. Since no fluorescence 
or phosphorescence is observed for HB-I in low temperature hydrocarbon matrices, a very 
efficient internal conversion process must be occurring in this case. 

Other groups have implicated triplet decay pathways for the room temperature nonradia- 
tive relaxation of 2-hydro:;ybenzophenone in ethanol, either because of the presence of two 
ground state species in solution (intra- and inter-mo lecu lar ly hydrogen-bonded molecules)’' 
or because of only an intermo lecular ly hydrogen-bonded species with a low e::ci ted-s ta te 
triplet quantum yield. 11 * However, there is no compelling reason to invoke the existence 
of triplet decay routes at room temperature in the case of HB-I molecules. Indeed, we 
previously suggested' that mechanism (4), or the modified form (5), could account for the 
observations on IIB-I in ethanol solution. (The 530-nm absorption kinetics, previously 
assigned to T-T absorption decay, 1 ' would have to be reassigned then to tautomeric Sq' — 
Si' absorption. Although neither assignment is definite, this latter assignment would 
yield an Sq'^^^Sq time of -1.5 ns in tlD-I.) 

Perhaps differences in the decay behavior of type MB and HPB mole ~ les in hydrocarbon 
vs. ethanol solvents are due to different so 1 u te- sol vent interactions in the excited st.ne 
or ground state tautomer. Interference by ethanol to excited state proton transfer may, 
however, result mother decay routes becoming available. Triplet formation could then re- 
sult from a nonproton- traps f erred species. There is no evidence for triplet formation in 
room temperature solutions of HPB-I in ethanol sugqcstinq that internal conversion S ^ 

Sq ' is very rapid compared to the rate of m*-e^sys tom crossing. 
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Excited-State Absorption Spectra and Decay Mechanisms in 
Organic Photostabilizers 1 

A.l. Huston, C.O. Merritt, and G.W. Scott 

Department of Chemistry, University of California, 

Riverside, CA 92521, USA 

A. Gupta 

Energy and Materials Research Section, Jet Propulsion Laboratory, 
California Institute of Technology, 

Pasadena. CA 91103. USA 

1. Introduction 


This paper discusses picosecond spectroscopic studies o£ exc i ted- s ta te decay 
mechanisms in widely-used, ultraviolet-absorbing, polymer pnctostabilizers — 
2-hydroxybenzophenone II) and 2-( 2*-hydroxy-5 ' -methylphenyl) -benzo triazole 
(II) — the structures of which are shown below: 



(I) 



H^C 


(II) 


An intramolecular hydrogen bond in these molecules is thought to promote rapid 
excited- state internal proton transfer and subsequent excited- state decay. 
However, the detailed mechanism and kinetics off these processes have not been 
determined. Related studies on organic photostabilizers have been reported 
for salicylates (1,2), 2- (2 ' -hydroxyphenyl) -s-tnaxines (3], and 2-hydroxy- 
benzophcnones [4-6} . 

2. Experimental 

Excitation of (I), (12), and a derivative off (II) was accomplished with a* 
third -harmonic pulse Ut-3 ps, 1»355 nm) from a modelocked Hd* 3 :glass laser 
system. Excited state absorption spectra were obtained as previously de- 
scribed [5] by probing the excited sample with a time-delayed continuum pulse 
and recording a single-shot, double-beam-corrected spectrum (400-700 nm) with 
a spectrograph and an optical multichannel analyzer (EGiG PARC, OMA 2) . Ex- 
cited-state absorption kinetics were obtained using a delayed probe pulse 
from a short-cavity dye laser as previously described [7] . Absorption bieach- 
ing-rtcovery kinetics at 355 nm were also obtained with attenuated third-har- 
aonic probe pulses. 


iThis research was supported by the ASTT project off SoLar Thermal Power Sys- 
tems of the Jet Propulsion Laboratory. Partial support by the California 
Institute of Technology President’s Fund and the Committee on Research at 
the University of California, Riverside, is also acknowledged. 
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3. Results and Discussion 


3.1, 2 -hydroxyben sophs none 

Ixcited-state absorption spectra of 2- hydroxy be nxophe none (I), obtained at 
three delay times in ‘'everal tolv«nes, are suswarixed in the Table. These 
spectra are quite broad and weak. The siaximum 0.0. change obeer v *^ J ~ 13. 
Under identical experimental conditions, a T-T absorption c oen so- 

phs none in ethanol has a maximum 0.0. of 0.6 at -530 net. 


Table Summary of observed transient absorption spectra 


Molecule 

Solvent 

Oelay Time 
[ps 1 

W * 1 


2-hydroxy benxo- 

ch a. 

7 

435 

0. 10 

phenone 


20 

450(v. broad) 

<0.04 

(I) 


4d5 

- — 

<0.03 


isooctane 

7 

450 

<0.04 



20 

— - 

<0.03 



485 

— 

<0.03 


cis-1, 3- 

7 

450(v. broad) 

0.05 


pentadiene 

20 

— 

<0.03 


ethanol 

7 

435 

0.08 



17 

<400; 475 

>0. 10 ; 0 . 09 



50 

420 

0.13 



480 

450 

0.07 

2- (2’ - hydroxy - 

OtjClj 

7 

440 

0.11 

5 ' -methylphenyl) 


20 

- — 

<0.03 

benxo triaxole 


485 

460 

0.10 

(II) 

ethanol 

7 

435 ; 500 

0.07-0.07 



20 

44C 

<0.04 



485 

460 

0.10 

2- (2* -acetoxy- 

CH^Cl 

? 

470 

0.37 

5’ -methylphenyl) 

* 

20 

475 

0.42 

benxotriaxole 


485 

465 

0.21 

(acetoxy-II) 






There has been some controversy regarding the decay mechanism of (I) . 
KL0PFFER 181 has proposed that the main decay route occurs via the triplet 
mainfoid following proton transfer in the smglet stste. In nonhydrogen- 
bonding solvents, however, no long-time absorption (i.e., T n «“Ti) is observed 
in our experiments indicating that few of the excited singlet state molecules 
of (I) intersystem cross to the triplet. {See the Table; the experiment m 
cis -1 , 3-pentadlena confirms that the short-time absorption is probably due to 
a singlet.) In ethanol, soma visible absorption remains at "long'* time (480 
ps) and thus some of the molecules of (I) may intersystem cross in hydrogen- 
bonding solvents. This interpretation is consistant with other recent studies 
[41 and with previously reported (10) quantum yields of quenchable triplets 
of (I' in nonhydrogen -bonding and hydrogen- bonding solvents (6^*0. 03 in cyclo- 
haxane and 4-^0. 15 in ethanol). 

3.2, 2 -\ 7-h ydroxy-5 *-«ethylphenyl) benxotriazols 

Excited-stats absorption spectra of 2- < 2* -hydroxy-5 • -methylphenyl) benxotn- 
axole {ID and 2- (2’ -acetoxy-5 ’ -methylp)wr,y l) benxotriarole (acetoxy-II) in 
methylene chloride are shown m Figs. 1A and IB, respective! y . These atyd 
similar spectra of (XI) in tthanol are sumnarixed in the Table above . 
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For (XX) in both solvents, Absorption At 7 p« in the blue deeays to within 
the noise level by 20 pa. At longer time (485 pa) , a different absorption in 
tha biua appaara. Our tantativa intarpratation of thaaa spactra follows tha 
dacay mechanism suggested by WERNER (10); 

hv . H* trans. . .. i.c. H* trans. 

*• — * Si — tt* So • ll) 

in which a prime designates proton tranifar from oxygen to a nitroqen. Thus 
at 7 pa, wa assign tha obsarvad spectrum of (XI) to S n *-Si basad on similar 
•pactra of acetoxy-II) shown abova . By 20 pa, rapid proton transfer has 
occuced, yielding a weak. assantially faaturalass Sn*-S[ spectrum in tha visi- 
bia. By 485 ps, intarnal convarsion to tha ground state of tha proton- trans- 
farrad spacias has occurred, yielding tha Si*-So spectrum. In support of this 
last assignment, tha absorption spectrum obsarvad at 485 ps is tha approximate 
mirror image of previously reported fluorescence (10,111. This inter- 

prets tion suggests that there may be a barrier (of unknown height) to proton 
back- transfer in tha ground state. It has bear estimated [10] that tha proton 
is favored to be on oxygen by &H-16 kcal/mole ir tha ground state. 



Fig. 1 Transient absorption spactrs of (II) in CH 2 CI 2 (A) and of (acatoxy- 
II) in (B) at selected daisy times 
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Zn (acetoxy-II) . chemical modification precludes proton transfer. The ob- 
served spectra (Fig. IB) ere assigned to eostly S n «-Si absorption. The absorp- 
tion decay in (acetoxy-II) at 455 rm following excitation at 355 nm (Fig. 2) 
is consistent with exponential decay to a noncero asymptote. The least 
squares fit rate constant is (3.9S0.5) X10 9 sec“l (r #i »0.26 ns). The long- 



TIME (ps) 


Fig. 2 Kinetics of optical density changes of (acetoxy-II) in CH 2 CI 2 at 455 ran 

time, asymptotic absorption is assigned to T^^i absorption. In a nanosecond 
flash photolysis experiment. T n *Ti absorption peaicing at -425 ran decays with 
an -200 ns lifetime (12) . we determined the triplet quanto# yield of (ace- 
toxy-II) to be ^>0.3. Thus the s t lifetime of (acetoxy-II) is at least 
partially controlled by intersystem crossing. 

Absorption bleaching-recovery kinetics at 355 ran were obtained for (ID in 
both ethanol and aethyltne chloride. The result in the methylene chloride 
solvent is shown in Fig. 3. In this experiment the ground state optical den- 
sity of the sample was arranged to be -0.6 at 355 ran , and the excitation and 
probe pulses had parallel linear polarisation. The changes in optical density 
plotted m Fig. 3 correspond to decreases in optical density at 355 n». In 
ethanol, a qualitatively similar result is obtained. The unusual behavior 
between 0 and 100 ps is in qualitativa agreement with (1). That is. at 355 
ran. Si absorbs less strongly than So; Si rapidly decays by proton transfer to 
Si (in <50 ps) , a state which absorb! more strongly than the ground state; s| 
internally converts to So (in -100 ps after excitation) , a state which absorbs 
less strongly than sj; and So then decays more slowly to So. Although the 
data do not uniquely determine the rates of these processes, the smooth curve 
in Fig. 3 was obtained using ki«l5ns"^, ki«50na~**. and kj»5ns*l by convoluting 
rats exprsssions derived from (1) with the laser pulse durations. 

cq. (1) is not the only mechanism which can qualitatively reproduce the 
observed kinetics in Fig. 3. However, if one is restricted to a sequential 
decay mechanism like (1) , then to obtain even qualitative agreement with the 
data, requires that kj>kirl0-20 ns~ L > kj. Furthermore. the extinction coef- 
ficients at 355 na of the states involved must be ordered c ( S 1 ) >c (So ) >c (S 1 ) 
>((So), and at least three intermediates are involved. The values of the 
rate constants and extinction coefficients are not uniquely determined by the 
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Fig. 3 Kinatics of optical dansity changas of (II) in CH 2 CI 2 at 355 nm. 

data. Raoriantation of tha transition dipolts of tha various statas was net 
includad in tha kinatics modal usad to obtain tha curva in Fig. 3. 

Wa hava also invastigatad tha amission kinatics of solutions of (II) in 
athanol and mathylana chlorlda at room tamparatura , axciting with a 7 -ns uv- 
pulsa from a nitrogan lasar. In both casas, prompt amission which foLlowad 
tha lasar axcitation pulsa within tha tima rasolution of tha datactlon systam 
(-0.5 ns) was obsarvad. Thus, this amission, cantarad at -420-450 n», nacas- 
sarily has a lifatima of <1 ns. Sasad on thase obsarvations. this amission 
is assignad to Si~S« and is consistant with our othar obsarvations on (II). 
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